The materials of the attachment near the last stage of low-pressure steam turbines in power plants will be exposed to a severe corrosion condition due to the concentration of corrosive chemicals produced by the alternating dry and wet environment, a phenomenon caused by the frequent shutdown and the load change of power plants. The corrosion behavior of typical low-pressure steam turbine materials is evaluated mainly by tests under dry-wet conditions. An increase in the concentration of sulfate ion and chloride ion in waters enhanced the general corrosion particularly for the 3.5NiCrMoV rotor steel. As for 12Cr blade steel, the coexistence of sulfate ion and chloride ion accelerated the general corrosion. An alternating dry-wet condition increased the maximum corrosion pit depth of 3.5NiCrMoV steel remarkably with the application of stress. The pitting corrosion potential of 3.5NiCrMoV steel showed almost the same values in all water qualities tested. However, the coexistence of Cl Ϫ and DO (dissolved oxygen) lowered the pitting corrosion potentials of 12Cr steel. From the consideration between the corrosion and the Cr content in corrosion films, it is clearly evident that the Cr content in the films controls the corrosion resistance.
Introduction
In recent years, there has been an increase in the severity of an operational mode of fossil power plants. Factors such as the daily and weekly startup-shutdown of the plants will shorten the life span of machinery, and also increase the speed of deterioration. Notably, due to the startup-shutdown and load following of power plants, there is a concern that the corrosion will be accelerated by the enrichment and precipitation of low concentration corrosive chemicals from the steam in the crevice of the piece embedded parts of the last stage blade of the Low-Pressure (L-P) steam turbine. [1] [2] [3] In this area, the alternating dry-wet condition constantly continues. In terms of equilibrium, It has been shown that there is the possibility for several tens of percentage of the concentration of corrosive chemicals to become significantly measurable [1] [2] [3] though that tendency is not clearly detected in the actual equipment. However, due to the increasing number of starts and stops at fossil power plants, it is predicted that there will be a greater tendency for corrosive chemicals to become concentrated. It is a fact that the accurate estimation of deterioration and damage, including the corrosion of fossil power plant equipment, has become possible due to the increased proportion of fossil power plants used for electric power generation coupled with the drastic improvement of accuracy in the operation and maintenance of fossil power plants. However, due to restrictions such as difficulties encountered during corrosion tests, there is very little data or information on the corrosion resistance of steam turbine materials under alternating dry-wet conditions, thereby the environment will be severely corrosive. [4] [5] [6] In this work, the effects of the combination of crevice and stress on the corrosion resistance in waters with minor content of corrosive chemicals have been evaluated. This was accomplished by performing each corrosion test on the essential LP steam turbine materials in the simulated condensates of the actual fossil power plant, under an alternating dry-wet condition.
Test Procedures

Materials and Test Specimens
The test materials provided to represent the fossil power plant LP steam turbine materials consisted of two types of normally used steels: 3.5NiCrMoV steel for the rotor and martensitic 12Cr steel for the blade. The chemical compositions of the test materials are shown in Table 1 .
The test material was produced to a 15 mm thick plate by high-frequency fusion and hot-rolling. Afterwards, the ma-terial was heat-treated as follows. The 3.5NiCrMoV steel was air-cooled after a heating of 1 112 K for 27 h and aircooled after a heating of 878 K for 50 h. The 12Cr steel was oil-cooled after a heating of 1 233 K for 40 min and was furnace-cooled after a heating of 953 K for 2 h.
In the single and double U-bent specimens, as shown in Figs. 1(a) and 1(b) respectively, both single and double layered test specimens in size of 10 mmϫ75 mmϫ2 mm were bent using a bending bar with a head of 10 mm radius and tightened with bolts-nuts made of stainless steel, and polytetrafluoroethylene (PTFE) washers were used for electrical insulation. Also, as shown in Figs. 1(c) and 1(d) respectively, the single and double-layered sheet-type test specimens were laid out without stress and tightened with stainless steel bolt-nut, using PTFE washers for electrical insulation.
The test specimens used to measure corrosion potentials were polished with the Emery paper up to #600 and dipped into approximately 30 % HNO 3 aqueous solution (333 K) to form a passivation film on specimen surfaces except the measured area. Discs with a size of 15 mmjϫ2 mm thickness were used as test specimens, and the wetted area was approximately 1 cm 2 .
Corrosive Environment
The test waters used a simulated AVT (All Volatile Treatment) water (pH 9.5, Dissolved Oxygen/DOϽ7 ppb) and a simulated CWT (Combined Water Treatment) water (pH 9.0, 60 ppb DO). The corrosive chemicals of SO 4 2Ϫ , Cl Ϫ , and Na ϩ were added in amounts measuring 50 ppb and also no greater than 8 ppb. The test temperature of the water was 363 K, to simulate the condition near the last stage of the L-P steam turbine. The drying temperature for the corrosion tests under the alternating dry-wet condition was 383 K, the temperature at which the test specimens could fully dry after the water on the test specimens had evaporated. The pH balance was finely adjusted using an ammonia water.
Corrosion Test
To evaluate the general corrosion and pitting corrosion, the corrosion tests were conducted by using specimens shown in Fig. 1 . The duration of the tests was 2 000 h. The test specimens were inserted into an autoclave chamber. The simulated boiler water (pH, DO and impurity concentration adjusted in advance) was introduced using a pump, and the corrosion test was conducted under the alternating dry-wet condition. The alternating dry condition (383 K 6 h, 5 % humidity) and wet condition (363 K 18 h) cycle continued, until the specified time limit. The flow rate of the water loop was set at 1 L/h. The surface and cross section of the crevice of the specimens were observed with a scanning electron microscope (SEM).
Additionally, 3 000 h continuous immersion tests were evaluated as comparison tests. After the corrosion test, chemical analysis of corrosion films was performed using Secondary Ion Mass Spectrometry (SIMS) to evaluate the relationship between the Cr concentration and the corrosion resistance.
Measurement of Corrosion Potentials
The electrochemical corrosion potentials were measured in the simulated AVT and CWT waters. The test waters were AVT water with 10 ppm Cl Ϫ , and also CWT waters with 10 ppm Cl Ϫ , 10 ppm SO 4 2Ϫ and 0.3 ppm Na ϩ were added separately. The sweep speed of the potential was set at 20 mV · min Ϫ1 . A saturated calomel electrode was used as the reference electrode, and platinum was used as the counter electrode. The pitting corrosion potential (VcЈ) was obtained by potentials in which the current increased rapidly due to pitting corrosion.
Results and Discussion
Effect of the Combination of a Crevice and Stress on General Corrosion
The effect of the combination of a crevice and stress on general corrosion was evaluated in the simulated AVT and CWT waters, under an alternating dry-wet condition.
The effect of the corrosive chemicals of SO 4 2Ϫ , Cl Ϫ and Na ϩ on the general corrosion weight loss is shown in Fig.  2 . In this process, the corrosion acceleration factor was calculated by dividing the amount of general corrosion in the water containing 50 ppb of each chemical by the amount of general corrosion in the water containing no greater than 8 ppb of each chemical. First, the 3.5NiCrMoV steel for the rotor will be described. When there was no applied stress, the amount of corrosion (the accelerated ratio of general corrosion) was not affected by the existence of a crevice. The following information was also obtained: an increase of the impurity concentration in the water (50 ppb SO 4 2Ϫ /50 ppb Cl Ϫ /50 ppb Na ϩ ) accelerated the general corrosion, and also the addition of stress was responsible for the general corrosion of this steel rather than the existence of a crevice. Next, regarding the 12Cr steel for the blade, there was almost no difference in the general corrosion behavior in all cases except for the combined crevice and stress.
From the above results, it is assumed that the relatively small degradation of the water quality due to the increase of impurities concentration from 8 to 50 ppb did not make a significant difference in the concentration of impurities into the crevice. It is also assumed that the applied stress may cause the destruction of the films formed on 3.5NiCrMoV steel, and thereby the corrosion near there will be accelerated by the active dissolution of the base material at those points. On the other hand, the general corrosion of 12Cr steel showed almost no acceleration due to the applied stress. It is considered that the reason for this may be due to the formation of tight films that consisted of Cr 2 O 3 , which may be difficult to breakdown. 7) The effect of each water quality (AVT, CWT) on the general corrosion is shown in Fig. 3 . Here, the corrosion acceleration factor is the amount of the general corrosion in a CWT water in relation to that in a AVT water. It became clear that a CWT quality increased the general corrosion (the acceleration of corrosion) regardless of the existence of a crevice in 3.5NiCrMoV steel, and the application of stress accelerated the corrosion of this steel rather than the presence of the crevice. As for the 12Cr, among the combinations of a crevice and stress, the general corrosion is accelerated only for the combination of both a crevice and stress. It is considered that these phenomena may be associated with factors such as the presence or absence of the formation of passivation films of Cr 2 O 3 , and that the pH decrease caused by the reaction between condensed Cl Ϫ within the crevice and DO which may lower the fracture resistance of the films. 1, [6] [7] [8] The effect of the combination of the water quality degradation (the increase of impurity concentration from no greater than 8 to 50 ppb) and each water quality (AVT, CWT) on the general corrosion is shown in Fig. 4 . Here, the corrosion acceleration factor was calculated by dividing the amount of general corrosion in a CWT water containing 50 ppb of each chemical by that in an AWT water containing no greater than 8 ppb of each chemical. It was shown that the CWT water increased the amount of general corrosion (the acceleration of the corrosion) regardless of the presence of a crevice in the 3.5NiCrMoV steel, when there was no applied stress. It was also shown that the addition of stress served as an accelerator for the corrosion of this steel, rather than the presence of a crevice. As for the 12Cr steel, only the superimposing of both the crevice and applied stress caused the acceleration of the general corrosion. These results were evidently due to the combination effect of the results shown in Figs. 2 and 3 . From the above, it became clear that the corrosion susceptibility of 3.5NiCrMoV steel in a CWT water was enhanced by the coexistence of a crevice and stress under an alternating dry-wet condition. It is considered that 12Cr steel showed the superior high corrosion resistance because of the formation of passivation films Cr 2 O 3 . Additionally, the concentration of corrosive chemicals into the crevice under the alternating dry-wet condition was estimated to be relatively small under these circumstances likely, it is due to this fact that the effect of a crevice on the general corrosion was relatively small. 5,7)
Effect of the Combination of a Crevice and Stress on Maximum Corrosion Pit Depth
The effect of the combination of a crevice and stress on the maximum corrosion pit depth in each water quality (AVT, CWT) under the alternating dry-wet condition was evaluated.
The effect of the corrosive chemicals of SO 4 2Ϫ , Cl Ϫ and Na ϩ on the maximum corrosion pit depth is shown in Fig.  5 . Here, the corrosion acceleration factor was calculated by dividing the maximum corrosion pit depth in the water containing 50 ppb of each chemical by that in the water containing no greater than 8 ppb of each chemical. First, regarding 3.5NiCrMoV steel for the rotor, when there was no applied stress the maximum corrosion pit depth (the acceleration of the corrosion) was practically not affected by the presence of a crevice, even if the impurity concentration 50 ppb SO 4 2Ϫ , 50 ppb Cl Ϫ and 50 ppb Na ϩ increased. The addition of the stress resulted in a remarkable increase in the maximum corrosion pit depth rather than the presence of a crevice. This behavior may be due to the fact that the dominant general corrosion shown in Fig. 4 will suppress the pitting corrosion regardless of the applied stress. As for the 12Cr steel for the blade, the maximum corrosion pit depth showed almost no difference at all with the combination of a crevice and stress. From these results, there was almost no difference in the amount of impurity concentration into the crevice with the water quality degradation (the increase of impurity concentration from less than 8 to 50 ppb). It is considered also that the applied stress may accelerate the corrosion due to the film destruction followed by the dissolution of the active metal into the water. 8, 9) The effect of each water quality (AVT, CWT) on the maximum corrosion pit depth is shown in Fig. 6 . Here, the corrosion acceleration factor is the ratio of the maximum corrosion pit depth in a CWT water quality in relation to that in an AVT water quality. The maximum corrosion pit depth (the acceleration of the corrosion) of the 3.5NiCrMoV steel increased with an absence of a crevice when there was no applied stress, and also that the applied stress accelerated the corrosion. As for the 12Cr steel, there was almost no difference in the maximum corrosion pit depth under all crevice and stress combinations.
The effect of the combination of the degradation of water quality (the increase of impurity concentration from no greater than 8 to 50 ppb) and water qualities (AVT, CWT) on the maximum corrosion pit depth is shown in Fig. 7 .
Here, the corrosion acceleration factor was calculated by dividing the maximum corrosion pit depth in CWT water containing 50 ppb of each chemical by that in an AVT water containing no greater than 8 ppb of each chemical. It became clear that the maximum corrosion pit depth (the acceleration of the corrosion) of 3.5NiCrMoV steel accelerated with the absence of a crevice when there was no applied stress, and that the addition of stress did not necessarily serve as an acceleration factor. It was also shown that the combination of a crevice and stress enhanced the maximum corrosion pit depth of the 12Cr steel.
From the above, it is shown that the pitting corrosion was inhibited by the presence of a crevice under all conditions tested. This is because, in the crevice, the passivation films were immediately destroyed and the general corrosion took precedent, inhibiting the generation of the pitting corrosion. However, an application of the stress increased the maximum corrosion pit depth for 3.5NiCrMoV steel. This may be attributed to the active dissolution of the newly formed metal caused by plastic deformation at the tip of the corrosion pit. 3,4,7) Additionally, there was a minor corrosion under a dearated condition (DOϽ7 ppb), whereas the corrosion susceptibility was extremely small with the coexistence of 50 ppb DO.
Relationship between Corrosion Resistance and Cr Content in Corrosion Films
The relationship between the Cr content in corrosion films, the general corrosion, and the maximum corrosion pit depth is shown in Figs. 8 and 9 . Here, the Cr content in films was analyzed by SIMS.
As indicated in Fig. 8 , the Cr content in corrosion film was about 51 at% or greater under the alternating dry-wet condition, whereas it had a high content of approximately 64 at% or greater under the continuous immersion condition. Furthermore, regarding the maximum corrosion pit depth, it became clear that the Cr content in the corrosion films under the alternating dry-wet condition was approximately 87 at% or more, whereas it was about 75 at% or more under a continuous immersion condition, as shown in Fig. 9 .
From the above SIMS analysis results, it is made clear that the Cr content in the films is closely related to the corrosion behavior of the materials tested.
3.5NiCrMoV steel had a large general corrosion and also the thick film. It was assumed that this film consisted of a single layer of the iron oxide (iron hydroxide). On the other hand, the 12Cr steel showed a small general corrosion and also an extremely small film thickness, as the steel had a high corrosion resistance. At the outmost surface of this film, the Cr concentrated up to a level of about 50 at% or greater. However, it became clear that the Cr content diminished at the outmost surface and increased at the inner layer when the corrosion environment became severe. 3,4,7) Furthermore, it was clearly shown that the film showed the superior corrosion resistance when the Cr content was approximately 63 at% or more under a continuous immersion corrosion condition.
Effect of Corrosive Chemicals on Pitting Corrosion Potentials
The anodic polarization curves were measured in the aqueous solutions to which each corrosive chemical was added. The pitting corrosion potentials were obtained from the potential in which the current density increased rapidly toward the active dissolution. The anodic polarization curves of 3.5NiCrMoV steel and 12Cr steel are shown in Fig. 10 . For 3.5NiCrMoV steel, no active dissolution peak was observed for all water qualities, It was evaluated that mainly from the current density in the passivation region it is evaluated that the most severe corrosion environment was the water with 10 ppm SO 4 2Ϫ , and followed by the waters with 10 ppm Cl Ϫ and with 0.3 ppm Na ϩ . Among these corrosive chemicals, the sulfate ion accelerated remarkably the corrosion of 3.5NiCrMoV steel. 7) The reason for the high corrosion resistance of this steel in the water with 10 ppm Na ϩ may be due to the high pH, compared to the other three water qualities. As for 12Cr steel, the active dissolution peak was observed in all water qualities. The corrosion resistance was the least when 10 ppm Cl Ϫ was added, the next when 0.3 ppm Na ϩ at pH 9.0 was added, and fell in between when 10 ppm SO 4 2Ϫ and 10 ppm Na ϩ at pH 10.6 were added. Here, it is important that the 10 ppm Cl Ϫ in the water broke the passivation film of 12Cr steel easily showing the low corrosion resistance.
The effect of the impurity concentration in waters on the pitting corrosion potentials is shown in Fig. 11 . There was no significant difference in the pitting corrosion potentials of 3.5NiCrMoV steel in an AVT water (pH 9.5, DOϽ7 ppb) and in a CWT water (pH 9.0, DO 60 ppb), in which the im-purity concentration and the pH value were changed. This is attributed to the fact that no stable passivation films were formed and the general corrosion took precedent. 7) On the other hand, the DO concentration had a significant effect on the pitting corrosion of 12Cr steel in the water containing 10 ppm Cl Ϫ . In other words, as compared with a AVT water with 10 ppmCl Ϫ the increase of the DO concentration in a CWT water with 10 ppmCl Ϫ decreased the pitting corrosion potentials of 12Cr steel, accelerating the pitting corrosion. This behavior may be mainly due to the lowering of the pH in the pit by the high concentration of DO, resulted in the break of the passivation film. However, the pitting corrosion potential in a CWT water with 10 ppm SO 4 2Ϫ showed almost the same in with 0.3 ppm Na ϩ for 12Cr steel. This may be due to the almost no difference in the pH between a CWT water with 10 ppm SO 4 2Ϫ and that with 0.3 ppm Na ϩ .
Conclusion
Corrosion tests on the Low Pressure steam turbine materials were conducted under an alternating dry-wet condition. The essentials obtained are as follows:
(1) The alternating dry-wet condition accelerated the general corrosion of 3.5NiCrMoV steel, and particularly an increase in the concentration of sulfate ion and chloride ion enhanced the corrosion. As for 12Cr steel, the general corrosion was accelerated with the coexistence of the sulfate ion and chloride ion.
(2) The maximum corrosion pit depth of 3.5NiCrMoV steel under an alternating dry-wet condition was accelerated remarkably with the application of stress. As for 12Cr steel, the maximum corrosion pit depth was not accelerated under all conditions tested.
(3) The pitting corrosion potentials of 3.5NiCrMoV steel showed almost the same values regardless of the difference in the water quality with DO concentration of Ͻ7 ppb and 60 ppb, and also the impurity concentration of 10 ppm SO 4 2Ϫ , 10 ppm Cl Ϫ and 0.3 ppm Na ϩ which were added separately. The coexistence of Cl Ϫ and DO decreased the pitting corrosion potentials of 12Cr steel, showing the low corrosion resistance. 
